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The text of this report is planned to appear as a chapter in a forthcoming book entitled
Wind Turbine Technology. This is 2 joint project of the U.S. Department of Energy and
the American Society of Mechanical Engineers, in which the NASA Lewis Research Center
is responsiblefor technical editing and management. Production of the final text is ‘inder
the sponsorship and direction of DOE’s Solar Technical Information Programs Office.
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Introduction

Wmd turbine. geneWrs ranging in size from a few kilowatts to several megawalts,
are producing electricity both singly and in wind power stations that encompass hundreds
of machines, Many installations are in uninhabited areas far from established residences,
and therefore there are no apparent environmenial impacts in terms of noise. There is,
~ however, the potential for simations in which the radiated noise can be heard by residents
of adjacent neighborhoods, particularly those neighborhoods with low ambient noise lev-
els. A widely publicized incident of this nature occurred with the operation of the
experimental MOD-] 2-MW wind turbine (described in detail in Kelley e al, [1985]). Sig-

nificant factors relevant to the potential environmental impact of wind turbine noise are

listed in Figure 7-1.
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Noise sources Propagation paths . Roceivers
» Aerodynamic « Distance + Ambient noise
» Mechanical + Wind gradients * Indoorfoutdoor axposure
-Absorplicn = Building vibrations
’ * Tarrain ’ P

' . Figure 7-1. Factors con!ributing to wind turbine noise

Lo The noise produced by wind wrbines ranges in frequencyfrpm low values that are

sometimes inaudible to higher values in the normal audible fange [Kelley er al. 1985).
Although increased distance is beneficial in reducmg noise Iévels, the wind can enhance
noise propagation in certain'directions and impede it in others. A unique. feature of wind
turbine rioise is that it can result from essentially continzous periods of daytime and night-
timg operation. This is in contrast to the more common aircraft 'and road u'afﬁc noises that
vary markedly as a function of time of day. g

_This chapter summarizes available information on the physiw! chamctensncs of the
noise generated by wind turbines and includes example sound pressure time histories,
narrow-band and broadband frequency spectra, and noise radiation patterns. This chapter
also reviews noise measurement standards, analysis technology, and a method for charac-
terizing the noise from wind turbines. Prediction methods are summarized for both the
low-frequency rotational harmonics and the broadband noise components caused by
inflow turbulénce, and also for wrbulent boundary layers on the blades and wakes from the
blade trailing edge. Also included are atmospheric propagatipn data that illustrate the
effects of distance and the effects of refraction caused by a vertical gradient in mean wind
.speed for both upwind and downwind directions.

Perception thresholds for humans are defined for both narrow “band and broadband
spectra from systematic tests in the laboratory and from observations in the field. Also
summarized are stuctural vibrations and interior sound pressore levels, wh:ch could result
from the low-frequency noise excitation of buildings.

‘A bibliography is available that lists technical papers on all aspecrs of wind turbine
acoustics [Hubbard and Shepherd 1988].

Characteristics of Wind Turbine Noise

. Noise from wind turbines may be categorized as aerodynamic or mechanical in origin,
Aerodynamic noise components are either narrow-band (containing discrete harmonics) or
broadband (random) and are related closely to the geometry of the rotor, its blades, and

-their aerodynamic flow environments. The low-frequency, narrow-band rotational com-
ponents typically occur at the blade passage frequency (the rotational speed times the num-

- ber of blades) and integer multiples of this frequency. Of lesser importance for most

configarations are mechanical noise components from the operating bearings, gears, and
ACCessories.



An example of a spectrum of wind turbine noise is shown in Figure 7-2. These data,
which were measured 36 m downwind of a vertical-axis wind twbine (VAWT), show the
decrease of sound pressure level with increasing frequency (a general characteristic of
wind turbines). All sound pressure levels presented in this chapter are based on root-mean-
square (RMS) values of pressure; they are referenced to 2 x 10-3 Pa and are averaged over
30 w 180 seconds, depending on the frequency bandwidth, The spectrum generally con-
tains broadband random noise of aerodynamic origin, although discrete components identi-
fied as mechanical noise from the gearbox are also evident. The blade passage frequency is
readily apparent in the time history illustrated in Figure 7-2, as is the random nature of the
emitted sounds, . ‘
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Figure 7-2. Typical narrow-band noise spectrum of a wind turbine, measured 36 m
from a VAWT generating 185 kW at a wind speed of 16.5 m/s (bandwidth = 2.5'Hz)

The many analytical and expetimental acoustical studies conducted on horizontal-axis
wind turbines (HAWTS) indicate that for given geometrical and operational characteristics
(such as power output, rotor area, and tip speed) HAWTs with downwind rotors will gen-
erate more noise than will those with upwind rotors. This is because an additional noise
source in Jownwind rotors is introduced when the rotating blades interact with the aerody-
namic wake of the supporting towet. :

Because very little information on the acoustics of VAWTs is currendly available, it is

difficult to directly compare the noise-generation characteristics of HAWTs and VAWTS. |

Example VAWT spectra, levels, and directivity data are contained in Kelley, Hemphill,
and Sengupta [1981] and Wehrey et al. [1987). The blades of a VAWT interact with the
aerodynamic wake of the rotor's central column in a manner similar to the way that a.
downwind HAWT rotor interacts with its tower wake, but at a greater distance relative to
the column diameter. Thus, the magnitude of the noise from a VAWT caused by this inter-
- action is expected to be less than that of an equivalent downwind HAWT rotor and greater
thari that of an upwind HAWT rotor. There is cerrently no detailed information available
describing other aerodynamic noise sources associated with VAWTs. Thus, 1o gain an
understanding of the acoustics of this type of turbine, additional studies are needed.
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Blade Impulsive Noise

Impulswe noise is often associated with downwind rotors on HAWTs, in many cases,
it is the dominant nois¢ component for that configuration. Figures 7-3(a) and (b) show
example sound pressure time histories for two different HAWTs with downwind rotors
[Shepherd, Willshire, and Hubbard 1988; Hubbard and Shepherd 1982). Figure 7-3(a)
relates to a large-scale turbine with a 78.2-m-diameter rotor smporled downwind of a
twelve-sided shell tower. Strong impulses are superposed on less intense broadband com-
ponents. The impulse noise arises from the blade’s interaction with the acrodynamic wake
of the tower. As each blade traverses the tower wake, it experiences short-duration load
fiuctuations caused by the velocity deficiency in the wake. These load fluctuations lead
dtrectly to the radiated acoustic pulses. The acoustic pulses are all of short duration and
vary in amplitude as a function of time, This variation in amplitude is believed 1o result
from variations in the blade loadings cansed by detailed differences in the timé-varying
structure of the acrodynamic wake [Kelley er al. 1985] ) .
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Figure 7-3. Sound pressure time historfes from two downwind-rotor HAWTS
[Shepherd, Willshire, and Hubbard 1988; Hubbard and Shepherd 1982]. (a} 78.2-m-
diameter rotor, 2 blades, 2050-kW output, 30-rpm rotor speed, 200-m distance. (b) 17.6-m-
diameter rotor, 3 blades, 5-k'W ocutput, 72-rpm rotor speed, 30.5-m distance.

The same phenomena, differing only in detail, are illustrated in Figure 7-3(b). These
data relate to a small-scale turbine with a 17.6-m-diameter rotor supported downwind of a
three-legged open truss tower [Hubbard and Shepherd 1982). Each blade passage produces
a three-peaked pulse as the blade interacts with the wakes of the three tower legs.
Experimental studies by Hubbard and Shepherd {1982] and Greene [1981] showed that the
character of the wake of a tower element can be altered to various degrees by adding such
modifications as strakes, screens, and vanes. Because some velocity deficiency remains in -
the lee of the tower, it is inevitable that such modifications can ameliorate but not elimi- -
nate the impulsive noise compenents.

-Figure 74 compares narmow-band spectra for. vpwind-rotor and . downwind-rofor
HAWTSs along with their associated sound pressure time histories. The opwind rotor is
91 m in diameter and operates at a speed of 17.5 rpm. The downwind rotor is 782 m in
diameter and rotates at 30 rpm. Note that the upwind-rotor spectrum shows an amplitude-
modulated time history but without the sharp pressure peaks that are evident for the
downwind rotor. Although the two spectra have essentially the same shapes, the

4
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Figure 7-4. Narrow-band nolse spectra from lnrge-scale HAWTS with upwlnd and
downwind rotors (bandwidth = 2.5Hz)

o down\vmd -Totor. spectrum shows generally higher noise levels becanse oﬂ;the ‘downwind
" rotor’§ higher blade tip speed.

’ - The lower-frequency portions of the spectra (Figure 7-4) were analywd with' a nar-

- vower effective bandwidth resolution, and an expanded frequency scale is shown in Fig-

. are 7-5. Impulsive noises such as those illustrated in Figures 7-3(a) and 74 can be
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Figure 7-5. Low- frequency, narrow-band nolse spectra from large-scale HAWTs wifh :
upwind and downwind rotors (bandwidth = 0.25 Hz, distance = 150 m)
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resolved into their Fourier components, which are pure tones ai the blade passage fre-
quency and integer harmonics of this frequency. These components are evident in the low-

frequency portion of the downwind-rotor spectrum of Figure 7-5, which shows identifiable

romuonalcomponentsou:toaboutBOHz.ThespecuummdncamapeaknearSHzand
then a general decrease as the frequency increases [Shepherd and Hubbard 1983].

Figure 7-6 illustrates the nature of the noise radiation patterns for low-frequency roia-
tional noise components. Shown are the results of simultaneous measurements of sound

pressure Ievels at a frequency of 8 Hz; the measurements were 1aken at a distance of 200 m.

around the twrbine, Acoustic radiations upwind and downwind are about equal and are
greater than that in the crosswind direction. The two patterns in Figure 7-6 provide a direct
comparison of measurements made at the same nominal wind conditions for daytime and
nighttime operation. The nighttime levels are generally lower than the daytime levels, and
the resulting radiation pattemn generally appears as-an acoustic dipole. The lower levels are
believed to result from a different atmospheric turbulence structure during the night.

90°

Location
of wind
turbine

Wind
180°

80
Sound pressure
lsvel {dB)

270°

Figure 7-6. Example radiation patterns for low-frequency rotational noise 200 m
from a Jarge-scale HAWT (harmonic frequency = 8 Hz, wind speed = 7.2 m/s, power =
100 kW) [Shepherd, Willshire, and Hubbard 1988]

Kelley, Hemphill, and McKenna [1982] compare characteristic low-frequency noise
emissions from upwind-rotor HAWTS, downwind-rotor HAWTS, and a VAWT. These
comparisons are based on joirt probability distributions of octave-band sound pressure

levels. The authors conclude that a downwind-rotor HAWT presents the highest probabil- -

iy of emitting coherent low-frequency noise, although an upwind-rotor HAWT appears t0
- have the lowest probability of emitting such noise. The probability associated with a
VAWT providing coherent noise was found to be between the two HAWT probabilities.

[



Blade Broadband Noise

‘ Broadband noise arises as the rotating blades interact with the wind inflow to the
rotor. 1t is a significant component for all configurstions of rotors, regardless of whether
the low-frequency impulsive components are present Broadband noise components are
characterized by a continnous distribution of sound pressure with frequency and dominate
a typical wind turbine acoustic spectrum at frequencies above about 100 Hz,

‘Example broadband-noise radiation patterns for a large-scale HAWT are shown in
Figure 7-7. Data are included for one-third-octave bands with center frequencies of 100,
200, and 400 Hz. The band levels in the upwind and downwind directions are comparable
but generally higher than those in the crosswind direction. The general shapes of these pat-
terng are similar to those in Figure 7-6 for the low-freguency, rotational noise components
during the daytime.

gp®

-Location / -~
_ of wind turbine

270°

Figure 7-7. Exainple radiation patterns for broadband noise 200 m from a large-scale
HAWT (cne-third-octave bands, wind speed = 12.1 m/s, power = 2050 kW) [Shepherd
Wilishire, and Hubbard 1988)

The one-third-octave band spectra of Figure 7-8 were obtained for wind speeds vary-
ing by a factor of two, At lower frequencies, dominated by the rotational harmoniics, the
highest levels are shown to be associated with the highest wirid speeds and the highest

power outputs. At higher frequencies, dominated by broadband components, there is no .

clear trend in relation to wind speed. Thlsresultmmeonmtoasca]mglawgwenm
Sutherland, Mantey, and Brown [1987], in which the A-weighted sound pressure level

mmmpmpomonmthelngamhm of the wind speed, and this is verified by data from

a group of several small wind turbines.

Figure 7-8 and the upper spectrom in Figure 7-4 both represent the acoustic outputof
the same wind turbine, The higher sound pressure levels in Figure 7-8 are the typical result
of increasing the frequency bandwidth.

A8S
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Figure 7-8. Typical variation in volse SpectTa wﬁh power output and wind speed
200 m from a large-scale HAWT (78.2-m dmmeter downwmd rotor) [Shepherd
‘Willshire, and Hubbard 1988] ' i

Figures 7-9 and 7-10 contain measured dala far' several. HAWTs of various sizes and
configurations [Shepherd, Willshire, and Hubbard 1988]. In Figure 7-9 [Hubbard and
‘Shepherd 1984], measured far-ficld data for several upwind-rotor turbines are adjusted to a
distance of 2.5 rotor diameters from the base of the tower and are ploited as one-third-
octave band spectra. The disk power densities (in W/m?) and tip speeds for all of thess
machines are comparable, and the spectra (adjusted for dmance) are in general agreemént
except at the lower frequencies. Compargble data are presented in Figure 7-10 for several
downwind rotors [Shepherd er al. 1988; Hubbard and Shepherd 1982; Shepherd and
Hubbard 1981; Lunggren 1984]; the results are similar. The variations in noise levels in
Figure 7-10 can be related to the variztions in rotor tip speed, as noted in the legend. A ref-
erence line of —10 dB per decade is included to indicate roughly the rate at which the
broadband noise levels decrease as frequency increases.

Horizontal-axis lurbines sometimes operate such that the wind direction is not aligned
with the rotor axis. The effects of nonalignment, or skew, on the generated noise have been
evaluated for a lalge-scale HAWT with a downwind rotor. Data are shown in thu:e 7-11
for skew angles of 20" and 31° and are compared with sound pressare levels for 0" (no
skew). The band levels plotied are arithmetic averages of measured values in the upwind
and downwind quadrants. The obvious result is that sound pressure levels at low frequen-
cies are reduced as the skew angle increases. This would be expected because of the
teduced aerodynamic loading associated with an increased skew angle. Ar the higher fre-
quencies, there are some small increases in the sound pressure levels as the skew angle
increases. Such increases would be difficult to predict becanse the flow fields on' the
blades are very complicated,

In some situations, small tabs or vortex generators were instzlled on the low-pressure
surfaces of both HAWT and VAWT blades to delay local stall and generally improve aero-
dynamic performance. Studies to evaluate the effects of vortex generators on noise radia-
tion show the effects to be insignificant [Hubbard and Shepherd 1984].



O  Large-scale turbine

1

0= {2.5 MW)
?B-;m‘a&ﬁ)a tubines
g - 5 A 7
é / S .///////
L =

'
. Ohe-third-octave band center frequency (Hz)
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Figure 7-10, Noise specira from small-, intermediate-, and large-scale HAWTS with
downwind rofors (downwind distance = 2.5 rotor diameters) [Shepherd er al. 1988;
Lunggren 1984; Shepherd and Hubbard 1981; Hubbard and Shepherd 1982]
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downwind rotor [Shepherd, W'llshue and Hubbard 1988] .

Nouse friom A:leron Control Surfaces ,1

Somc -experimental HAWT blades have contained ailerons I'ur speed and power con-
wrol. Data for two. different aileron configurations are given in' Shepherd and Hubbard
[1984]. The unusually h:ghnmsc levels observed in these tests are believed to resalt from
the excitation of internal cavity resonances in the blades by the extemal flow. Well-
designed aileron systems would not have this problem.

Machinery Noises ’ -

* Most of .the acoustic noise associated with the large HAWTS studied to date has been
aerodynamic in origin. Potential sources of mechanical noise, such as gears, bearings, and
accessories, have not been unponam. However, for some of the smaller HAWTS and some
VAWTS, gear noise can be an important component. Some straightforward approaches
controlling gear noise could be to include noise and vibration specxﬁcauuns in the design

* and to apply noise insulation around the gear box.

Narrow-band analyses of noise from a large HAWT (Figure 7-5) show identifiable
components at the shaft speed of the generator (30 Hz) and at harmonics of this speed.
-Because these components radiate generally perpendmular to the axis of rotation and are
not normally heard, they are of only secondary importance. Similarly, the coolmg fan
noise noted in Figare 7-4isnot s:gmﬁcant.

Predicting Noise from A Single Wind Turbine

Extensive research studies have been conducted to predict noise from isolated airfoils,
propeliers, helicopter rotors, and compressors, Many of those findings have helped identify
the significant noise sources of wind turbines and have helped develop methods for noise
prediction. This section summarizes the technology available for predicting the known

1
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sources of wind turbine noise, pemcularly the aerodynamic sources, which are believed o
be the most important.

Rotational Harmonics

The generation of impulsive noise by a wind turbine is analogous to that of a propel-
ler, compressor, or helicopter rotor. Impulse noises like those shown in Figures 7-3 and 74
can be resolved into their Fourier components (Figure 7-5), which are at the blade passage
frequency and its integer multiples. For the example data, the harmonics occur at 1-Hz
intervals—the blade passage frequency of this turbine. The acoustic pulses arise from rap-
Idly changing acrodynamic loads on the blades as ﬂiey traverse the wake of the suppont
tower, The blades encounter localized flow deficiencies, which result in momentary fluctu-
ations in Lift and drag, Lift and drag coefficients can be transfarmed into thrust and torque
coefficients, respecnvely, and can be used to determine the unsteady forces associated with
periodic variations jn the wind velocuy These vananom may occur within the tower,
wake, as indicated schematically in Figure 7-3, or through wind shear,

Variations in blade force can be represented by complex Fourier coefficients modified

by the Sears function to determine the effects of unsteady acrodynamics on the airfoil. The
Sears function represents aerodynamic loading on a rigid airfoil passing through a sinusoi-
dal gust [Sears 1941}, Following the method prwenwd in Viterna [1981], a genernl expres-
sion for the RMS sound pressure level of the nth ha:mmuc can be derived in a form Lhat
reduces to the following: L !

1

LY, (R, siny)

BN -y
X (aT cosy——tm 'a,?l) }
where . " KnRe
P, = RMS sound pressure for the nth harmonic (N/m?)
n = sound pressure harmonic number (n=1,2,...)
- mBl ’
Ky = g @)
B = number of biades
= rowr speed (rad/s)
a, = speed of sound (m/s) )
d = distance from the rotor (m)
m = blade loading harmonic index (m=...,-2,-1,0,1,2,...)
Jy = Bessel function of the fusthndandofmderx inwhichx=nB -m
R. = effective blade radius (m)
Y. ¢ = azimuth and altitude angles to the listener, referred 10 as the rotor
T thrust vector (rad)
a,n.agl = complex Fourier coefficients for the thrust and torque fomes (acting atR),
respectively (N)

Note that each loading harmonic m on the blade, because of fluctuaung air leads,
gives rise to more than one sound harmonic n in the radiation field. -

For the special case in which the inflow to the rotor disk is uniform aind the listener is )

located in the plane of the axis, Eq. 7-1 reduces o
1

259
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[Vitema 1981] -

_ KW |
= (Tcos K,,RE Jop (KR, gin 4) -2

where T and Q are the total thrust (in N) and torque (in N-m) of the rotor, respectively.

Example Rotational Noise Calculafions

Examples of sound pressure levels calculated by means of Eq. 7-1 are presemed in
Viterna [1981] and are included in Figures 7-12 and 7-13. The calculations relate to the
following operating conditions of the MOD-1 HAWT:

rotgrspeed =34.6rpm  hub height =46m
power output = 1500kW  listener distance = 79 and 945 m downwmd from
windspeed =134m/s " the rotor
rotor diameter =61 m number of blades = 2 -
I R
P O Measured
80 —q Calculated
a—J. . . :
2
® .
E 70— . .
e
a
g 60 I~
N
[ . .
§ ~ ~
50—
40 | ] 1 L )
0 10, 20 30 40 50

Frequency (Hz)

Figure 7-12. Measured and calculated rotational noise spectra 79 m downwind of the
MOD-1 HAWT {rotor diameter = 61 m, wind speed = 13.4 m/s, power output = 1500 kW)

v

The velocny deficiency behind the support wwer was assumed to be 20% OVET & FOlor
disk azimuth angle of 20",
Figure 7-12 compares calculated and measured sound pressure levels of the first

" 50 rotational harmonics for the MOD-1 downwind rotor. The calculations predict the max-

imum levels guite well, aswellasthegenetal shape of the spectrum. Other calculations
[Viterna 1981] suggest that the maximum levels of the rotational harmonics ocour in the
upwlnd and downwing directions, while the minimum levels occur in the crosswind direc-

tions. Note that the calculation procedure presented in Eq. 7-1 has been validated for the
MOD-1 and WTS-4 machines. Alternative methods for predicting the magnitude of

12
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‘Figare 7-13. Cn]cnlated envelopes of rotational noise spectra for various wind lnﬂow

. conditions 945 m downwind of the MOD-1 HAWT (rotor dla.metqr 61 m,y’wmd speed,
= 13. 4 my poWer output = 1500 kW) [Vuema 1981]

;dtauonal harmonics are discussed, and pertinent results are pmented in Kelley et'al.

- [1985}; Meijer and Lindblad (1983); Greene and Hubbard [1980]; Martinez, Widnall, and
Harris [1982]; George [1978); and Lowson [1970].

Calculations made with Eq. 7-2 were compared with those for a nonuniform wind

- inflow, and the results are shown in Figure 7-13. For a uniform flow field, the fundamental

fotational harmonic is relatively strong bat all higher harmonics are weak. A similar result
is obtained when the rotor operates in a shear flow that produces a once-per-revolution

. variation of inflow velocity at each blade. When tower wake effects are added, however,

the levels of the higher frequencies are greatly enhanced.

These results suggest that both configuration and siting effects are significant in the
rotational noise generation of wind turbines. For example, the tower wake of both VAWTs
and downwind-rotor HAWTS can greatly enhance the strength of the rotational noise har-

. monics, Other deviations in wind inflow from a uniform velocity over the disk may also

enhance the strength of the rotational harmonics for all rotor configurations. Flow devia-
uonsmaybecausedbythevemwwmdvelocuyg;mdlmtmmeeanhsbouMarylayer

. and may be exaggerated by atmospheric turbulence or terrain features that can impose

additional velocity gradients on the inflow.

Broadband Noise Components

Extensive research on propellers, helicopter rotors, compressors -and isolated airfoils
has provided a wealth of background information and experience for predicting broadband

noise for wind turbine rotors. The main noise sources have been identified, prediction

techniques have been described, and comparisons have ‘been made with available
experimental data [George and Chou 1984; Glegg, Baxter, and Glendinning 1987,

13
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Grosveld 1985]. Measurements to date indicate three main sources of broadband noise in
wmd turbine rotors: ‘

L Aerodynamlc loadmg fluctuations caused by inflow mrbulence interacting with
the rotating blades

2, The turbulent boundary-layer flow over the airfoil surface interacting with thé
blade trailing edge

3. Vortex shedding caused by the bluntness of the trailing edge.

These sources of broadband necie are illustrated in Figure 7-14, along with their
sound power depcndenc:es. deﬁnmons of critical dimensions, and flow velocities
[Grosveld 1985).

Sound power

Source ' Parameters : dgpgndence
T ‘ 2
" Inflow V. Vot
Hurbulence - ) -
- o s .
Interaction :
+  betwaen turbulent v % ! Ve
* boundary fayerand . e * '
. blade trailing edge ' . .
‘Bluntness of A Va3t L

trailing edge

£ = length of b!ade element

Flgure 7-14. Sources ohnnd turbine broadband noise [Grosveld 1985]

Another possible source of broadband noise is that of tp vortex formation, Based on
the experimental data of isolated airfoils and rotors [George and Chou 1984; Brooks and
Marcolini 1986}, this source is expected to be of secondary impertance relative to the three
listed. However, unusual geometries, such as those associated with tip codtrol surfaces,
could result in significantly more radiatéd noise,

Inflow Turbulence Noise

As the wind tyrbine blades move through the air, they encounter atmospheric turbu-
lence that canses variations in the tocal angle of auack, which in tum causes fluctuations in
the lift and drag forces. The length scales and intensities are a function of local atmo-
spheric and site conditions and are different at different heights above the ground [Kelley

- etal. 1987). The following expression for HAWT rotor noise induced. by inflow turbu-

Jence is based on the work presented in Grosveld [1985):

SPLiz3 (f) = 10 logyo [B sin? 8p? co7 Ray Vo (dac?)] + Ky -3
Gt = SVo//0-0TR) (14)

" and
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where .
SPL153 = - one-third-octave band sound pressure level (dB)
' band center frequency (Hz)

angle between the rotor-hub-to-receiver line and iits vertical projection in the
rotor plane (rad)

air density (kg/m?)

rotor blade chord at 0.7 radius (m)

rotor radius (m)

mean square of rbulence (m?/s?) , ' .
blade forward speed at 0.7 radins, 0.7 R& {my/s) '

rotor speed

frequency-dependent scaling factor (4B, Figure 7-15)

frequency at which K, is maximum (Hz, Figure 7-15)

constant Strouhal nurmber, 16.6 )

hub height

ey
<
" mob O08 xS o ©u

R : /
A ‘peak in the frequency domain is obtained when £ reaches foesk, Which coresponds

to the maximum value of K,(f) in Figure 7-15. Inherent in the derivation of Eq. 7-3 are the
assumptions that, the” urbulence is isotropic and the atmosphere is neutrally stable within™
the vertical layer otcupied by the rotor. In addition, the source lsconslduedlobeap’o
dipole at hub helghl. and the wavelength of the radiated sound is much shorter than’ the
distance to the receiver. The frequency-dependent scaling factor in Figure 7-15 has been ‘
determined empisically from measured frequency spectra for a rotor from which the nq:se

is largely caused by mﬂowﬁmrbulenoc o ¥

90~ : oo - 10
) El ")‘ =“ Kc(f)
I
= ao|~ oo 40 &
g B g
g . s
5 70l | —-10" §
8 : 8
> t g
= [ [ | g
& 60: | ; 20 3
| \
| '
50} : ' — -30
ST T N NTY SN VY NHNNS SN R NN B N B

14 -12-10 -8 6 4 2 0 2 4 6 B 10 12 14
One-third-octave band number relative 1o frequency Ipm

Figure 7-15, Predicted ﬁequency-depenﬁt scaling factors for broadband nolse
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Noise from the Interaction of the Turbukm‘ Bouadary Layer and the Blade Trailing
Edge

Noise is generated by the convection of the blade’s attached turbulent boundary layer
into the wake of the airfoil. This is 2 major noise source for helicopter rotors, and the stud-
ies of Schlinker and Amiet [1981] have been adapted 0 wind nwbine rotors. The resulting
expression [Grosveld 1985) for an airfoil section 1s as follows:

51 /s ;: AS' 15 4
o {5 Y [ ] o

where w : s
V. = tesultant velocity at blade element, (m/s)
. - sin?(8/2)
= directivity laetor, T Moz ) [T+ M- M 655 0]
= anglebetwemthesource—m-recewe:hnpmdm verticat projection in the rotor -

D
8
planc {rad) - , !
- M = airfoil Mach number, V.fa, Cos :
M, =
5

convection Mach number, 0.8 M s

. A
= boundary layer thickness, gfh (m) - :
£ = biade chord (m) e
© Ry = Reynolds nu_mber.‘g
v = kinematic vxiecomly (m%/s)
1 = length of the blade element (m} . .
Ip = distance between the source and the receiver Gn)
S = St.rouhalrmmlm’,g
Y,
Smax = 0.1
Ky = constant scaling factor, SSdB

Sound pressure levels are obtained by integrating contributions of all acoustic sources
over the length of the blade. ‘

Noise from Vortex Shedding at the Trﬁﬂiug Edge
Another noise source at the trailing edge of the airfoil is associated with vortex shed-

-ding caused by the bluntness of the trailing edge. This phenomenon is analogous o the
- shedding noise from wings with blunt trailing edges, as well as isolated airfoils, flat plates,

and struts {Schlinker and Amiet 1981; Brooks and Hodgson 1980]. The expm:on derived
in Grosveld [1985] for the noise from a blunt trailing edge is as follows:  ~

16



B V32 t1 sin? (8/2) sin® v ‘ :
T+ Mcos6F (1+ MMcosope [ * & 08

SPLis(6) = 10logyp {

and

| s = 2L | an

where .

trailing edge thickness (m)

angle between the source-to-receiver line and its horizontal projection in the
rotor plane {rad)

K. = frequency-dependent scaling factor (dB, Figure 7-15)

~
H N

-,

JIhe correspomimg’Kc has its maximum value when f reaches fp.q (Figure 7-15).

Once again, sound pressure levels are obtained by integrating the-contributions of all -.

acoustic sources over the length of the blade.
Example Cak:ulnuons of Braadbqnd Naise

i Figure 7-16 illustrates the relauve contributions of the bmadband noise components
‘calculated by using the iethods of Grosveld [1985) for a large-séale HAWT with an
upwind rotor. The calculations are in the form of one-third-octave band spectra for each of
the broadband components identified. Also included is the summation of the components,
As shown in Figure 7-16, inflow turbulence contribites noise over the whole frequency
range and dominates the spectrum at fréquencies below about 500 Hz. Effects of

Inflow
turbulence

-30

]

Intéraction between turbulent
boundary layer and

trailing edge trailing edge

-40 | | | 1 : :
63 125 250 500 * 1000 - 2000 4000

One-third-octave band canter frequency (Hz)

Figure 7-16. Relative contributions of broadband noise sovrces to the total noise spec-
trum calculated for a large-scale HAWT [Grosveld 1985]

Relative sound prassura level (dB) '
S

Bluntness of
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boundary-Iayer interaction also contribute noise over a wide frequency range but are most
significant at higher frequencies, On the other hand, the noise spectrum of the trailing edge

- wake is sharply peaked; the maximum for the example turbine is near 1250 Hz.

Figure 7-17 presents sound pressure levels calculated by using the methods of
Grosveld and compares them with acoustic far-field measurements for a large, upwind-
rotor HAWT and two different downwind-rotor HAWTSs. Good agreement is shown in all
cases, Note that the validation of Egs. 7-3 to 7-7 has been hrmwdtoaoousncmdmuonm
the upwind and downwind directions only.

- -

C O Measured

Cazlculatad
rr T .
g ‘ 78.2-m diameterat 200 m
g« - '
3.
> -
2/ sgt - g
o -
§ ., b
@’ 40 - . = , o)
- 91.4-m diamater . 17.6-m diameter Opn P _
= a1150m : agTm ;
&%r - - "o
: Upwmd rotor . Downwind rotars .
20 1 1 | I 1 1 -

30 100 300 1000 3000 . 30 100 300 1000 3000

Cne-third-octava band center frequency (Hz)

Flgure 7-17. Measured and calculated broadband noise specln downwind of varions
HAWTs [Grosveld 1985]

.

An altr.mative broadband-noise-prediction scheme is proposed in Glegg, Baxter, and
Glendinning [1987] and includes unsteady lift noise, unsteady thickmess noise, frailing
edge noise, and noise from separated flows. Inflow mrbulence at the rotor must be speci-
fied to predict unsteady lift and thickness noises, Using the twbulence data associated with
the atmospheric boundary layer as input yiclded poor agreement between calculated and
measured noise levels, Thus, Glegg, Baxter, and Glendinning [1987] hypothesized that
there was an additional source of trbulence: that each blade ran into the tip vortex shed by
the preceding blade. Note that Grosveld [1985] also used ammospheric boundary layer tur-
bulence but found that better agreement with acoutic measurements required an empirical
twrbulence model. The boundary layer and wailing edge noise formulations of Glegg,
Baxter, and Glendinning [1987] and Grosveld [1985] both share the same theoretical back-
ground and therefore should give the same results.

Noise Propagation

A Imowledge of the manner in which sound propagates through the atmosphere is
basic to the process of predicting the noise fields of single and multiple machines.
Although much is known about sound propagation in the atmosphere, one of the least

18
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understood factors is the effect of the wind, Included here are brief discussions of the
effects of distance from various types of sources, the effects of such atmospheric factors as
absorption in air and refraction caused by sound speed gradients, and terrain effects.

Distance Effects

Point Sources

When there is a nondirectional point source as wellas closely grouped, multiple point
sources, spherical spreading may be assumed in the far radiation feld. Circular wave
fronts propagate in al! directions from a point source, and the sound pressure levels decay
at the rate of -6 dB per doubling of distance in the absence of atmospheric effects. The lat-
ter decay rate is illustrated by the straight line in Figure 7-18. The dashed curves in the fig-

ure represent increased decay rates assocmted with atmospheric ebsorption at frequencies -

-

significant for wmd turbine noise. ) -

'

'ﬂ

Sphern::al spreadlng

Wwr
" - (no atmospherlc ‘
g attenuation). ;'
% o)
-2
2 =
& N
o 40— AN \\ ‘
E: N .S
g ; A Y \\
8 . . / ~ ~
o With atmospheric attenuation \\ \\ 250 Hz
5 60 . NN
K ) ~ 1000 Hz 500 Hz
-80 1 P . ]
100 1000 10,000

Distance (m)

Figure 7-18, Decrease in sound pressure levels of pure tones.as a function of distance
from a point source [ANS] 1978] ‘

Line Sources

For an infinitely long line source, the .decay rate is only —3 B per doubling of dis-
tance, compared with tlw-ﬁdBperdoubhngofdxstamnllnstmtede’gme? 18. Such a
reduced decay rate is sometimes observed for sources such as trains and lines of vehicles
on a busy road. Some arrays of multiple wind turbines in wind power stations may also
behave acoustically like line sources. _

19
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Atmospheric Factors

Absorption in Air

As sound propagates through the aimosphere, its energy is gradually converted 1o heat
by a mumber of molecular processes sach as shear viscosity, thermal conductivity, and
molecular relaxaticn, and thus atmospheric absorption occurs. The curves in Figure 7-19
were plotted from ANSI values [1978) and show changes in aimospheric absorption as a
function of frequency. In these examples, the ambient temperature varied from 0° to 20°C

- and the relative humidity varied from 30% to 70%. The atmospheric absorption is

relatively low at low frequencies, increasing rapidly as a function of frequency.

Atmospheric absorption values for other conditions of ambient temperature and relative '
humidity can be obtained from the ANSI tables; these values follow the general trend
shown in Figure 7-19. .

Ambient
; 4 temperature/ -
10 [ " relative : '.}

' humidity - ¥
. — ¥
Pl === 0°C70% 2
i 20°C/70% J

z. ;= — 20°CA0% R 4

g .

3 ‘

T 10

e

&

=4

S

§

g .

2

g 01—

. E

<

0.01 FJ ] ] | i i
30 - 100 300 1000 3000 10,000

. One-third-octave band center frequency (Hz)
Figure 7-19. Standard rates of atmospheric absorption [ANSI 1978}
Refraction Caused by Wind and Temperature Gradients
Refraction effects arising from the sound speed gradients caused by wind and temper-

ature can cause nonuniform propagation as a function of azimuth angle around a source,
Figure 7-20 is & simple illustration of the effects of atmospheric refraction, or bending of

20



Ground surface /

Figure 7-20. Effects of wind-induced refraction on acoustic rays radiatmg from an
_elevated point source [Shepherd and Hubbard 1985] :

sound rays, ceused by a vertical wind-shear gradieat over flat, homogeneous terrain for an
elevated point source. Note that in the downwind direction the wind gradient causes the
sound rays to bend toward the ground, whereas in the upwind direction the rays curve
upward away from the ground. For high-frequency acoustic emissions, this causes greatly
increaséd attenuation in a shadow zone upwind of the source, but hittde effect downwind.
The:atteauation of low-frequency noise, on the other hand, is reduced by ,refracuon in the
doanmd direction, with Lirtle effect
/ *The distance from the source to the edge of thie shadow zone is rp’la:ed 1o the wind-
' speed gradient and the elevation of the source. In a 10- to 15-m/s wind, for a source height
from 40 to0 120 m above ﬂat.homogeneommn the horizontal distance from the source
;lmshadowzonewasealclﬂawdtobeamroxmmdy five nmesﬂnchenghtofthesoume
' [Shepheni and Hubbard 1985].

Attenuation exceeding that predlctel;d by spherical spreading and aunosphend absorp- -

tion:can-be found in the shadow zone. This attenuation is frequency-dependent, and the
- lowest frequencm are the least atienuated. Figure 7-21 presents an empmcal scheme for
estimating attenuation in the shadow zone, based on information in Piercy, Embleton, and’
Sutherland {1977); SAE [1966); and Daxgle Embleton, and Piercy {1986] The estimated

e . ' Fraquency.(H2) | A, (4B)
‘ Shadow zona
€3 6
threshhold 125 v
A ' 250 18
& : © 500 24
=2 No shadow | Shadow 1000 30
13 - 1 — -
-]
w |
g |
£ !
o |
g
% |
w |
I

o 1 2 3 : 4
‘ Normalized distance from sourcs (d/s) '

Figure 7-21. Empirical model for estimating the extra attenuvation of noise in the
shadow zone upwind of an elevated point source (s = 5h, 40 sh < 120 m, where h =
source elevation) [Shepherd and Hubbard 1985]
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exira altenuation (A, in Figure 7-21) is assumed to take place over a distance equal to

twice that from the source to-the edge of the shadow zone. The predicted decay in the-
sound pressure Jevel from the source to the edge of the shadow zone is cansed by atmo-

spheric absorption {ANSI 1978} and spherical spreading. Within the shadow zone, extra

attenuation should be added as estimated according to Figure 7-21.

Note that vertical temperahure gradients, which are also effective sound speed gradi-
ents, will normally -also be present. These will add to or subtract from the effects of wind
that are illustrated in Figure 7-21. Effects of wind gradient will gencm!ly dominate those
of temperature gradients in noise propagation from wind power stations.

Distributed Source Effects

Because of their large rotor diameters, some wind turbines exhibit distributed source
effects relatively close to the machines. Only when listeners are at distances from the tur-
bines thaf are large in relation to the rotor diameter docs the rotor behave acousiically as a
point source: As indicated in Figure 7-22, distributed source effects are particularty impor-
tant in the upwind direction. In this figure, sound pressure levels in the 630-Hz, one-third-
octave band are presented as a function of distance in the downwind, upwmd. and
crosswind directions. The measured data agree well with the solid curves, which represent
spherical spreading and aumospheric absorptien in the downwind and crosswind directions.
In the upwmd direction, however, the .fneasm'ed data fall below the solid carve; this

) . [

Q Meagured ] _

Point sourca mpdel (spherical spreading with

atmospheric absorption) -

———= Distributed source medal (plus extra attenuation
as in Figure 7—21)

70 ~ Dovmwmd Distributed source-
"l »,@KW
%: %0 l : |— Distance —-
K]
_; 70 r ersswind
pod
§ 50 +—
o
a 30 | I 1
-
c
2
A 70 Upwind
Ground
50 |- \7%-\ ESh ad 0\? surface
36 OT‘D-.._O J ~a— Distance —l
0 1200

Distance (m)
Figure 7-22. Measured and calculated sound pressure levels in three directions from a

-large-scale HAWT (one-third-octave band = 630 Hz, rotor diameter = 78.2 m) [Shepherd

and Hubbard 1985]
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indicates the presence of a shadow zone. An unpmvement in predicting upwind sound
pressure levels is obtained when the noise source is modeled as being distributed over the
entire rotor disk, Each part of the disk is then considered to be a point source, and attenua-
tion is estimated by means of the empirical model shown in Figure 7-21. The resulting pre-

- dictions are shown as the dashed curve of Figure 7-22 and are in good agreement with the
sound measurements upwind of the turbine. In the dowmwind and crosswind directions,
poiml-somce]s and distributed-source models result in identical calculations of sound pres-
sure levels, ) .

Channeling Effects atLow Frequencies ' -

Egure 7-23 illustrates the special case of propegation of low-freqnency rolauoml— :
harmaonics when the atmospheric absorption and extra attenuation in the shadow zone are
very small. Measmedsoundpressurelevelsareslwwnasafuncmnofdlmnoe for both
the upwind and downwind directions. For comparison, the curves representing decay rates
of%chnd—BdBpadoublmgofdxsmemalsomclnded.Nmeﬂlatmﬂleupmnd P
case the sound pressure levels tend to follow a decay rate of —6 dB per doubling of dis-
tance, which is equal to the rate for spherical spreedmg, No extra attenuation from a -
shadow zone was measurecl . o

"/ . | : . I%
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Figure 7-23. Measure effect of wind on the propagation of low-frequency rotational
harmonic noise from a large-scale HAWT (harmonics with ﬁ'equencles from & to 16 Hz,
rotor diameter = 78.2 m) [Willshire and Zoramski 1987] .

In the downwind d:recuon the sound pressure levels tend to follow a decay rate of
. -3 dBperdoublmgot‘dxsmme similar o that for cylindrical spreading. This reduced
“decay mate in the downwind direction at very low frequencies is believed to fesult from
atmospheric refraction, which introduces a channeling sound path in the lower portions of
the earth’s boundary layer [Willshire and Zorumski 1987; Thnmson 1982; Hawkins 1987].
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Noise Sources and Propagation

Terrain Effects

Terrain effects include ground absorption, reflection, and diffraction. Furthermore,
terrain features may cause complex wind gradients, which can dominate noise propagation
to large distances [Kelley eral. 1985; Thompson 1982]). Wind turbines are generally
located in areas devoid of trees and other large vegetation. Instead, ground cover usually
consists of grass, sagebrush, plants, and low shrubs, which are minor impediments to noise
propagation ¢xcept at very high frequencies. At frequencies below about 1000 Hz, the
ground zttenuation is essentially zero.

Methods are available for calculating the attenuations provided by natral barriers
such as rolling terrain, which may interrupt the line of sight between the source and the
receiver [Piercy and Embieton 1979]). However, very little definitive information is avail-
able regarding the effectiveness of natural barriers in the presence of strong, vertical wind
gradients. Piercy and Embleton [1979] postulate that the effectiveness of natral barriers in
attenuating noise is not reduced under conditions of upwand-curving ray paths (as would
apply. in the upwind direction)- or under normal temperature-lapse conditions. However,
under conditions of downward-curving ray paths, as in downwind propagation or during
temperature inversions (which are common at night), the barrier attenuations may be
reduced significantly, particularly at large distances.

Predicting Noise from Multiple Wind Turbines
K&emods are needed 10 predict noise from wind power stations magde up of large num-

| ers of machines, as well as for a variety of configurations and Omﬁﬂg conditions. This
tion reviews the physical factors involved in making such predictiohs and presents the

~ results of calculations that illusirate the sensitivity of radiated noise to various geometric

and propagation parameters. A number of valid, pertinent, simplifying assumptions are
presented. A logarithmic wind gradient is assumed, with a wind speéd of 9 m/s at hub
height. Flat, homogeneons terrain, devoid of large vegetation, is also assumed. Noises
from multiple wind turbines are assumed to add together inccherently, that is, in random
phase. ' '

E

Reference Spectrum for a Single Wind Turbine

" The most basic information needed to predict noise from a wind power station is the
noise ontput of a single urbine, Its noise spectrum can be predicted from knowledge of the
geometry and operating conditions of the machine [Vitema 1981; Glegg, Baxter, and
Glendirming 1987; Grosveld 1985), or its spectrum can be measured at a reference dis-
tance. Figures 7-9 and 7-10 are examples of spectral data for HAWTs. Also shown in Fig-
ure 7-10 is a hypothetical spectum used in subsequent example calculations (o represent 2
HAWT with a 15-m rotor diameter and a rated power of approximately 100 kW. The
example spectrum is the solid line with a decrease of 10 dB per decade in sound pressure
level with increasing frequency. This spectral shape is generally representative of the aero-
dynamic noise radiated by wind turbines, However, predictions for a specific wind power
station"should be based, if possible, on data for the particutar types of turbines in the
station. . .



Direﬂivlty’ of the Source

Measurements’ of aerodynamic noise for a number of large HAWT; (for example,
Kelley er al. [1985}; Hubbard and Shepherd [1982]; and others listed in the bibliography)
indicate that the source directivity depends on specific noise-generating mechanisms. For
broadband noise sources, such as inflow mrbulence and interactions between the blade
boundary layer and the blade trailing edge, the sound pressure level contours at close dis-
tances are approximately circolar. Lower-frequency, impolsive noise, which resnlts when
the blades interact with the tower or central column wake, radiates most strongly in the
upwind and downwind directions.

Although there is one prevailing wind dn'ecuon at most wind turbine sites, it is not
uncommon for the wind vector to vary 90" in azimuth angle during normal ope.mnons
Therefore, one of the simplifying assumptions made in the calculations that follow is that
each individual machine behaves likean omridirectional source.
Comidemnons for Frequency Waghﬂng -

& w
A—we:ghwd sound psressme levels, expressed in dB(A), are in wldespread use in eval-
pating the effects of noise on communities [Pearsons and Benneit 1974).-Figure 7-24
shows the resulis of applying this descriptgr. The assumed single-turbine reference spec-
trum, at a distance of 30 m from the mackine, lsreproducedfmmFigm'e'?-lOasdlesohd
line. The equivalent A-weighted, spectrum at the same distance is shown as the apper
dashied curve, This particular weighting emphasizes the higher frequencies-and deem-
phasms the lower frequencies according to the sensitivity of the human ear. As distances
increase, as illustrated in the other dashed curves, atmosphetic sbsorption causes the levels
of the higher-frequency components to decay than those of the lower frequencies
“{see Figure 7-19), The result is that the midrange frequesicies (100 to 1000 Hz) tend to
dominaté the A-weighted spectrum at large distances. Frequencies higher than 1000 Hz
will generally not be important considerations at large distances because of the effects of
atmOSphenc absorption, Frequency cumponems below about 100 Hz ma:,r not be

sor ' -~

Assumaed reference spactrum at 30 m

— downwind {unweighted)
)
o 60
E: : )
2 A-weighted at 30 m _ .
- -
5 404 s
8 -7
o . - -
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w ' ,".,
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o [P S| : ]
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One-third-octave band ¢enter frequency (l-ii)

Figure 7-24. Reference and A-weighted nolse spectra from a 1S-m-diameter HAWT
with a rated power of 100 kW (assumed for example calculanons of noise from a wind
power station)

25

363



364

significant in terms of audible noise, but they can be s:gmﬁcamt m tams of such indirect
effects as noise-induced building vibrations, _

Arraugemem of Wind Power Stations

A basic geometric arrangement of wind torbines was assumed to represent an example
wind power station (shown in Figure 7-23). The station consists of 31 tarbines per row.
Each maching produces approximately 100 kW of power, and the rotor diameter is 15 m,
The spacing between turbines is 30 m, the row length is 900 m, and the spacing between
rows is 200 ni. The basic four-row configuration ml-'-igure?-zswaspmrbedtomvesu-
gate the effects of such variables as the number of rows, row and un'bme spacmg, ow
length, and turbine power rating.

o-"io.ooooooo--oooooooc oaooo-o-o

- 900 m '—‘-}

' _JK ...........‘...................T _)i,'

—-”-—BOm

‘ P=100 kW, D=15m . ‘
_-'o‘-o/q_ocoooooooocoo-oocootoooooo—L’,

£ . -, L

(R Y

Figure 7-25 Layout of wind turbines in the example wind power station [Shephe:d
and Hubbard 1986]
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Absorption and qumuon

These example calculations assumed an ambient temperature of 20°C and a relauve
humidity of 70%. From the data in Figure 7-19, assumed values of atmospheric absorption
of 0, 0.10, 0.27, and 0.54 dB per 100 m correspond roughly to one-third-octave band cen- -
ter frequencies of 50, 250, 500 and 1000 Hz, respectively, for these temperature and -
humidity conditions, These frequencies were chosen because they encompass the range of -
frequencies considered important in evaluating the perception of wind turbine noise in
adjacent communities [Shepherd and Hubbard 1986].

Calculation Methods

The method presented here for ca]cuhﬁnﬁ the sound pressure level from incoherem

“addition is'a sum of the random-phase multiple noise sources at any arbitrary receiver
distance. This method assumes that each source radiates equally in all directions. Attenua-.

tion caused by atmospheric absorption is included; propagation is over flat, homogeneons
terrain; and there is a logarithmic wind-speed gradient. The method has no limitations on
the number of wind turbines or their gecmetric armangements. The required input is a refer-
ence sound-pressure-level spectrum Lo(f), either narrow-band or one-third-octave band,
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for a single wind turbine. This spectrum can be measured or predicted for a reference dis-
tance from the rotor hub of approximately 2.5 times the rotor diameter.

The sound pressure level received from an individual wind turbine in the array in a
given frequency band can be calculated with the foflowing equation:

Lo(8) = Lo~ 20 1010 (d/de) ~ (d, - da}/100 e

where

sound pressure leve! from the nth wind tarbine (dB)

wind turbine index (1, 2,...,N)

number of wind urbines in the amray.

center frequency of the ith band (Hz)

reference sound pressure level in the ith frequency band from a smgle wind
turbine at the reference distance (dB)

distance from the nth turbine to the receiver (m)

reference turbine-to-receiver disuance {m)

atmospheric absorption rate (4B per, 100 m)
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Pt 'Ihetotalsoundpresum!evel ﬁomal!wmdunhnesmtbcarraymthe:ﬂlﬁ'equency
/- band, is then calculated as follows: s

'. : . SPLi(f) = 10Tog10 z 100 (7-9)

'I‘hnsprocedurecanberepmtedforallﬁequmybmdstopmﬁdeapredzcwdspec
‘tum . of sound pressure level at the receiver location. “Noise measures such as the
A-weighted sound pressure level may also be calculated by ‘adding the A-weighting cor-
rections at each frequency to the values of Ly(f;) or SPI.u(f,} in Eqs. 7-8 and 7-9. If the
sources are arranged in rows, the required computations can be reduced by using the sim-
plified procedures of Shepherd and Hubbard [1986].

'Examples of Calculated Noise for Wind Power Statimfs

A series of paremetric calculations. of unweighted sound pressure levels was per-
- formed based on the array of Figure 7-25 and systematic variations of that array {Shepherd
-and Hubbard 1986]. The receiver is assumed to be on a line of symmetry either in the
‘downwind, upwind, or crosswind direction,

Effect of Distance from a Single Row

Figure 7-26 shows calculated sound pressure levels for one row of the example wind
power station, as a function of downwind distance for various rates of amospheric
absorption, Also shown are reference decay rates of -3 dB and —6 dB per doubling of
' distance. For an atmospheric absorption rate of zero, the decay rate is always less than that
vt e - -forasingle point source (Figure 7-18). Atintermediate distances, tie row. of turbines acts
as a line source, for which the theoreticel decay mate is —3 dB per doubling of distance or
—lOdchrdecadcofdmame Only at distances greater than one row length (900 m) does
the decay rate approach the single-point-source value of —6 dB per doubling of distance
(=20 dB per decade). Decay rates increase as the absorption coefficient increases, -
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Flgure 7-26. Calcnlated noke propngatmn downwind of a smﬂe row of wind turbines
in the example array for four almospherk absorption rates [Shepherd and Hubbard
1986] ‘
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Figure 7-27 presems the fesults ot‘ sound-pressure-level calculations that were made

“for one, two, four, and eight rows of wind turbines; this illustrates the effects of progres-

sively doubling the number of machines for a constant turbine spacing. At zero atmo-
spheric absorption, and at receiver distances that are large relative to the array dimensions,

. adoubling of the number of rows results in an increase of 3 dB in the sound pressure level.

0 — ' Number
of rows
1
-10 -2
....... 4
—_—-—g

Relative sound pressure lavel (dB)
n
(=]

a0l
-40 ! i ] :
100 300 1000 3000 100 300 1000 3000
Distance downwind (m) -7 Distance dewnwind (m} "
(a) » &)

Figure 7-27. Calculated noise propagation downwind of various numbers of rows of
wind turbines in the example array [Shepherd and Hubbard 1986). (a) without atmo-
spheric absorption. (b) & = 0.54 dB/100 m.
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This simply reflects a doubling of acoostic power. At shorter distances, the closest
machines dominate and the additional rows result in only small increments in the sound
-pressure level,

For nonzero atmospheric absorption, the effect of additional rows is less mﬁmal
all receiver distances. Doubling the number of rows results in an increase in the sound
pressure level of less than 3 dB.

Figure 7-28 shows similar data for two different row lengths. For these comparisons,
the turbine spacing is constant and the row lengths are doubled by doubling the number of

. machines per row. When the receiver is at shorter distances, the predicied sound pressure
levels are equal because of the equal turbine spacing. At longer distances, the levels for the
double-length row are higher by 3 dB becanse the acoustic power per row is doubled.

Row Turbine ‘ Number

length  spacing . gof
(m) “(m) rows
%..‘ /-0 - ) ! ' '/
= 900 | 30 1
;5,10 30 Ot
J/ g i
- 4 L
S, g N .'l
.5 20
h*
. £
'8 .30} I" |
Food T ' g
2 a0 J ;
T {00 " 300 1000 3000 10,000 *

Distance downwind (m}

Figure 7-28. Calculated nolse propaga ﬁon downwind of wind turbines in rows of two
dlﬂ'erent lengths (a = 0.54 dB/100 m) [Shepherd and Hubbard 1986]

Compptalions were also made (Shepherd and Hubbard 1986] for a configuration sim-
ilar to that of Figure 7-25, except that the row spacing was reduced from 200 m'to 100 m.

At all distances to the feceiver, the computed sound ;ressum levels were higher for this
more compact array

Effectof Turbiue Rated Power

Shepherd and Hubbard [1986] calculate the effect of the turbine’s rated power on
noise emissions by mcreamng the power of each turbine and the total station power, The
turbine and row spacings were adjusted from those of Figure 7-25 to more appropriate val-

ues for larger machines (four times the rated power). Sound pressure levels from rows of -

16 400-kW wind turbines were compared with levels from the seme nmumber of rows of
31 100-kW machines. This approximately doubled the rated power of the station. The ref-
__ erence spectrum for the larger turbines was assumed to have the same shape as that of the
" smallier torbines (Figure 7-10), although the levels were all 6 dB higher, This implies four
times the acoustic power for four times the rated power. The computed sound pressure lev-
els are 3 dB higher for the array of larger turbines because the acoustic power is doubled

for each row of the array. Different resnlts would be obtained if the reference spectra of -

the two sizes of turbines had different shapes,
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Direciivity Considerations for a Wind Power Station

Although the mdmdual mrbmes have been treated as if they radiate som'ld equally in
all directions, an array of suck sources may not have uniform directivity characteristics.
Figure 7-29 compares the predicted sound pressure levels for two array configurations as
received from two different directions, Calculations are presented for a receiver located
downwind on the line of symmetry perpendicular to the rows and for a receiver located
crogswind on the line of symmetry parallel to the rows. For the case of one row of turbines,
the crosswind sound pressure level is predicted to be about 5 dB lower than the downwind
level near the turbines, and only about 2 dB lower in the far field. For an array with eight
rows, the crosswind sound pressure level is only 3 dB lower near the turbines, and there is
litle directivity once the receiver distance exceeds 300 m. Downwind levels are higher
close to the eight-row array because the turbine spacing in the row is less than the row

spacing.
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Figure 7-29. Calculated nolse propagahou déwnwind and crosswind of sn:gle and
multiple.rows of wind turbines in the exa-ple nrray {a: = 0.54 dB/100 m) [Shepherd and
Hubbard 1986]

Complere contours of soind pressure level-around a wind power station were
estimated (Figure 7-30). The array geometry was five rows of 31 machines each, spaced as

- shown in Figure 7-25, This gives an approximately square array. Figure 7-30 shows pre-

dicted contours for sound pressure levels of 40, 50, and 60 dB for an atmospheric
absorption of 0.54 dB/100 m (which corresponds to a frequency of 1000 Hz at 20°C and
70% relative bumidity). Assuming a hub-height wind speed of 9 m/s, the distances to con-
tours in the upwind direction are greatly reduced, These upwind contours are derived from
computed distances to the acoustic shadow zone and the extra aftenuation that occurs
within this zone (see Figure 7-21). An acoustic shadow zone forming upwind of the array
results in greatly reduced distances to particular noise level contowrs for all frequencies
above about 60 Hz. The dashed curve in Figure 7 305bowsﬂwlocat|un of the 40-dB con-

tour in the absence of a shadow zone.
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Figure 7-30. Calculated contours of sound pressure level around a five-row example

array for the one-third-octave band at 1000 Hz (« = 0.54 dB/100 m) [Shepherd and

Hubbard 1986 . _
A-Welghted Composite Spectra

R

The data of Figures 7-26 through 7-30 are derived for a few selected values of atmo- < -
spheric absorption; the figures show how the noises from individual turbines sum incoher- -
ently for various arrays of machines. The particular absorption values used correspond to -
conditions of 20°C ambient temperature and 70% relative humidity (see Figure 7-19). Fig-
ure 7-31 Dustrates the effects of A-weighting the composite sound spectrum from the
example wind power station. Predicted sound spectra for the array are comparéd with
equivalent spectra for a single machine (Figure 7-24). At large distances, the midrange fre-
quencies dominate the A-weighted spectrum for both the single turbine and the amray.

Receiver Response

Evaluating the effects of receivers’ exposure (0 noise at various locations involves
determining people’s responses to direct acoustic radiation as well as the acoustic and
vibrational environments inside buildings. The factors involved in such an evaluation are
shown in Figure 7-32 and are explained in detail in Stephens ef al. {1982]. Noise radiated
by the wind turbine is propagated through the atmosphere 0 a recciver (a person ora *
building). The characteristics of the receiver then determine the acoustic and (he vibration
effects of the noise. The broadband and impulsive components of the acoustic response are
wreated separately, and both may be significant. Background noise and building vibrations
must also be considered in evaluating people’s responses to wind turbing noise.

If the wind wrbine noise levels are below the corresponding backgroond noise levels,
they will generally not be perceived; therefore, no adverse human response is expected.
When any noise level exceads the threshold of perception, however, there is the potentisl
for community response, as indicated in Table 7-1 {ISO 1971]. The data in Table 7-1 were
derived from responses to noise sources other than wind turbines. Because there has been

K|
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little experience (o date with communities’ responses to wind turbines, the applicability of
Table 7-1 is tentative, The substantial variations in background noise in terms of time and .
location are complicating factors. .

Perception thresholds for acoustic noise and stractural vibrations were derived sepa-
rately. There are no known threshold criteria for combined effects, except in terms of the
quality of the ride in transportation vehicles {Stephens 19791,

Table 7-1. Estimated Commutity Response to Noise (ISO 1971)
Amount by which

Rated Noise Exceeds Bs i_ Community Rest
Threshold Level " Category - Description
(dB)
0 . None No observed reaction
5 . Liule Sporadic complaints '
SRR (1 . Medium  ~ Widespread complaints .~
15 " Strang  * Threats of community action
20 Vety Smmg Vigorous community acuon -

-

Perception of Noise Outsidq.- Buildidg .
. 1

Evaluating people’s responses to wind qurbine noise ouiside buildings involves the
physical characteristics of the noise of the machinw.‘ pemnent ammospheric phenom-
ena, and the ambient or outdoor backgroind noise at the receiver’s location. Both broad-
band and narrow-band noise oomponents must be- consxdered if they are preseat in the
noise spectrum.

In Figure 7-33, a one-third-octave band specuum of broadband wind turbine noise is
compared with a one-third-octave band spectrum of typlca] background noise in a residen-
tial ne:ghborhood. In this case, the background noise is the result of noises from numerous
distant sources, with no dominant specific source. Wind effects are also absent, Note that
" thé tafbine noise levels are generally lower than the background noise levels, except at
1000 Hz, where they are about equal. In the laboratory, humans can just perceive the wind
- turbine noise when exposed to the spectra of Figure 7-33. High-frequency wind mrbine
noise is generally not perceived in laboratory tests when the turbine’s one-third-octave
band levels are below the comresponding levels of background noise (which, in this case,
had small temporal fluctuations).

The same general findings apply to the pesception of low-frequency impulsive noise.
A series of laboratory tests [Stephens et al. 1982; Shepherd 1985] were canducted to deter-
mine the detection thresholds of impulsive wind mrbine noises in the presence of ambient
noise with a spectral shape similar to that in Figure 7-33. In contrast to the relatively sim--
ple detection model for higher-frequency noises, undersianding the perception of low-
frequency impulsive noise requires that full account be taken of the blade passage
frequency of the wind turbine, the ambierit noise spectrum, and the absolute hearing
. threshold (because the human ear is relatively insensitive to low frequencies).

In addition to laboratory tests with sample spectra, field tests can be used to determine
thresholds of perception around wind turbines, incloding directivity effects. For example,
aural (hearing) detectability contours were determined for two large-scale HAWTs sar-
rounded by flat terrain. The results are shown in Figure 7-34.

In Figure 7-34, each data point represents observations of one or two people and
. defines the distance at which the wind turbine noise is heard intermittently. The two aural
curves in the figure are then estimated from these observations and from a limited number
‘of sound pressure measurements. Both curves are foreshortened in the upwind direction

B
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and elongated in the dovmwind direction. With one; exception, broadband noise was the
dominant component percejved for both HAWTS. For the downwind-rotor machine, low-
frequency impulses are the dominant component in the downwind direction. This accounts
for its longer downwind detection distance as compared with that of the upwind-rotor
turbine.

Background Noise

Because background noise is an important factor in determining people’s responses to
wind turbine noise, it must be mﬁxﬂy accounted for in site measnrements. Sources of
backgmund noise are the wind itself; its interaction with stroétures, trees, and vegetation;
human activities; and, to a lesser extent, birds and animals. Natral wind noises are partic-
ularly important because they can mask wind turbine noise (the broadband spectra of both
are similar), Measuring backgmund noise, at the same locations and with the same tec-

“niques used for measuring wind’ turbme noise, 15 an integral parlfof assessing receiver
- IESponse, ‘

-

i
;.

People who are exposed to wind turbine noise inside buildings experience a much dif-
ferent acoustic environment than do those outside. The transmitted noise is affected by the
mass and stiffness characteristics of the structure, its dynamic:responses, and the dimen-
siofs and layouts of the rooms. They may actually be more disturbed by the noise inside
their homes than they would be outside [Kelley et al. 1985]. Indoor bac ground noise is
also a significant factor.

.Data showing the reduction in outdoor noise provided by typical houses are-given in
Figure 7-35 as a function of frequency. The hatched area shows experimental results
obtained from a number of sources [Stephens et al. 1982]. The noise reduction values of
the ordinate are the differences between indoor and outdoor levels. The most obvious con-
clusion here is that noise reductions are larger at higher frequencies. This implies that a
spectrum measured inside a house will have relatively less high-frequency content than

that' measured outside. These data are derived from octave-band measurements but are

. generally not sensitive io frequency bandwidth.

Very few data are available on outdoor-to-indoor noise reduction at the lowest fre-
quencies (below S0 Hz). In this range, the wavelengths are comparable to the dimensions
of the rooms, and there is no longer a diffuse spund field on the inside of the building.
Other complicating factors are low-frequency building resonances and gir Ieaks. The inside
distribution of sound pressure can be nonuniform because of structure-boime sound, stand-
ing wave patterns, and cavity resonances in rooms, closets, and hallways. .

Data relating to the noise-induced vibration responses of houses are summarized in
Figure 7-36, in which RMS acceleration levels are plotied as a function of external sound
pressure level. The trend lines for windows, walls, and floors are averaged from a large
number of test measurements on aircraft and helmptu‘ noises, Sonic booms and wind tur-
bine noise.

Gradients and Resonances for Indoor Sound Pressare Levels

Large spatial variations in sound pressure level may occur within a house for uniform
external noise excitation. People moving within the house could be sensitive to these varia-
tions, Figure 7-37 illustrates the sound-pressure-level gradients in a hallway with various
combinations of open and closad doors. Nuise was produced by a loudspeaker at a discreie
frequency of 21 Hz. This frequency represents the low-frequency noise components from

s
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Figure 7-36. The noise-induced acceleration of the typical structural elements of a
house, as a function of ontdoor sound pressure level [Stephens et al. 1982]
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wind turbu‘m that v)ould propagate efficiendy thmugh buildings. When doofs (6 Rooms !1
and B are both closed, there is a general decrease-in sound pressure level with distance up
to the end of the hallway. When doors are open in various combinations, the hallway lev-
els are affected (in some cases, substantially). The changes in level that occur when doors
are opened are similar to what might occur for side-branch resonators in a duct. .
Because of the way rooms are amnged in houses, it is possible that Helmholtz (cav-
ity) resonances may be excited at certain frequencies, depending on the volumes of the
‘rooms and_whether doors are open or closed [Davis 1957; Ingard .1953). Hubbard and
Shepherd [1986] present results of sound-pressure-level surveys canducted insidé a room
during resonance. For this condition, the inside pressures were everywhere in phase and
tended to0°'be-a uniform level. This is in contrast to the large gradients observed in the
excitation of normal acoustic modes in a room {Knudsen and Harris 1978). The latter
modes are excited at frequencies for which the aconstic half-wavelengths are comparable

. to or less than the room dimensions, whereas Helmholtz resonance wavelengths are char-

acteristically large compared with the room dimensions. Rooms A and B both exhibit
Heimholtz resonance behavior at 21 Hz,

Co uplmg Noise Fields In Adjacent Rooms

As the sound-pressure-level gradients change in a hallway outside rooms aocardmg o

whether doors are open and closed (Figure 7-37), so also do the levéls inside the rooms.

Figure 7-38 illustrates the manner in which these changes occurred for the various test
conditions. Variations in sonnd pressure level are as high as 20 dB for a steady noise input,

" both insidé the rooins and in the hallway (Figure 7-37). This implies that a person might

experience a change in levels of this order of magnitude at a particular focation, depending'
on the doors, or as a function of location for a particular door arrangement, During the
tests, the highest sound pressure lcvels of Figure 7-38 could be readily heard; the lowest
levels were not audible.
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adjacenttoa hallway excited by a lovdspeaker (21 Hz) [Hubbard and Shepherd 1986]

. / .
Mechanical couphng between adjacent rooms may also excite acousuc TeSOnances, as -

indicated by datg in Hubbard and Shepherd [1986); One wall of a test room was mechani-
cally excited, and two response peaks were noted. One peak corresponded o the

‘Helmholtzmodeofmemmn and the other was the first s turalmodeofthewa!l Mea-

sured sound-pressure—level gradients were smail'in both cases

L]

Perception of Building Vibrations

One of the common ways that a person might sense the noise-induced excitation of.a
house is through structural vibrations. This mode of observation is particularly significant
at low frequencies, below the threshold of normal hearing.

No standards are available for the threshold of p&cqmon of vibration by occupants of

" buildings. Guidelines are available, however, that cover the frequency range from0.063

80 Hz [Hubbard 1982; ISO 1987). The appropriate perception data are reproduced in Fig-
ure 7-39, The hatched region in this figure shows the pesception threshold data obtained in
a number of independent studies.. Different investigators, using different measurement
techniques, subjects, and subject orientations, have obiained perception levels extending
over & range of about 4 factor of 10 in vibration amplimde. The composite guidelines of
Figure 7-39 are judged to be the best representation of the most sensitive cases from the
available data on whole-body vibration perception.

The two cross-hawched regions in Figuzre 7-39 are from the data of Kelley et al. {1985].
These are estimates of levels of vibration perceived in two different houses excited by
noise from the MOD-1 wind wrbine. The latter data fit within the body of test dats on
which the composite Intemational Standards Organization guideline is based. Therefore,
they generally confirm the applicability of this guideline for structural vibrations induced
by wind wrbine noise.

Note that, if measured vibration levels are not available, they can be estimated for typ-
ical house building elements from Figure 7-36, provided the extemal noise excitation lev-

els are known.
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Wind turbine noise is measuxed tna define source charactensucs. to provide acoustic L . ‘
information for environmental planning, and to validate compliance with existing ordi- -~ * .
nances. It is important 10 use the appropriate equipment and mezsurement procedures and
_acqmre data under appropriate tést conditions, Measuring naise from wind turbine genera- -
tors is particularly difficult becanse of the adverse effects of the wind [Andersen and -
- Jakobsen 1983; Jakobsen and ‘Andersen 1983). As a result, a number of special considera-
" tions are involved in selecting measurement locations and equipment and in recording and
* analyzing data. This section presents some guidelines on each of these subjects.
, To make meaningful comparisons of the noise outputs of differem wind turbines and -
evaluations of environmental noise control, it i3 necessary to have genemlly accepted stan- -
dards of measurement, AWEA [1988] and [EA-WECS [1988] contain the results of early
" work in the wind energy community to develop sach standards. Both documents address
significant issues in the measurement of wind turbine noise.
A To interpret acoustic measurements, it is usnally necessary to simultancously record
various nonacoustic quantities. Among these are wind speed and direction, ambient tem-
perature andmlauvehmmdny.mmrspeed,powoutpm. time of day and date, type of
vegetation and terrain, and cloud cover, Atmospheric trbulence (which is often difficult to
measure direcily) may be inferred from this information.

Measuring Points

Most noise measurements other than those for research purposes are made to charac-
terize the radiated noise of a particular machine. This infers that all data should be
obtained far enough from the machine to be in the acoustic far field, For practical applica- = -~ .-
tions, mzreferenced:slanoedoshouldbeappmmatelyequaltodtetotalhaghtofa o
HAWT or, in the case of a VAWT, the total height plus the rotor equatorial radius, as
illustrated in Figure 7-40 (TIEA-WECS 1988]. The choice of a much greater distance for
measurement locations may not be acceptable becanse of the reduced signal-to-noise ratio
and because ammospheric attenuation and refraction effects can complicate the data
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Flgure 7-40. Reeommanded patterns of measuring points for ar,oustlc snrveys of wind
turbmes FEA-WECS 1988] : ,

should be as close to the source as possible without being in the acoustic near-field.
The number of measurement points needed can be determined by.inspecting the polar
diagrams in Figures 7-6 and 7-7. The aerodynamic noise sources in wind turbines are not

. highly directional, but the highest levels are usually in the upwind and downwind quad-

rants. A rather coarse azimath spacing seems adequate 1o describe these aerodynamic radi-
ation patierns because they are generally symmetrical about the axis of rotation of the
machine. If 2 particular mrbine produces significant mechanical ucuse however, its radia-

~ hon pattem may be asymmetncal and highly directional.

Microphone Positions

~ An important considerstion in laying out 2 measurement progsam is defining micro-
phone height above the ground. Placing the microphone at ear level is conceptually attrac-

. tive because it should record what people hear. The disadvantage of-this height js that the

data are more difficult to interpret. Figure 7-41 illustrates how the data for sound pressure
level may be affected by microphone height, and compares the data to results in free field

conditions (ie. away from all reflecting surfaces). The salid curve represents a calculated
‘spectrum from a point source (such as a gear box) located 20 m above hard ground and

received at a8 microphone position 1.2 m above ground and-40 m from the source, These
maximum and minimom points represent interference. patterns caused by differences in the
distances traveled by the direct sounds and those reflected from the ground surface, Under
ideal conditions (with no mean wind or turbulence and perfect ground reflection), the lev-

" els vary altemately from 6 dB above free field values to very low values. For an assumed

incoherent ring source with a 20-m diametes (which represents the broadband serodynamic
noises) the short-dash curve applies. For a microphone height of 1.2 m, the variation of
sound pressure level with frequency from a distributéd source is less than that for a point
source but it is still significant.
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A measwempnt at the ground swrface, however, gives & constant enhancement ébove
- free field valuesmaliSGdBuvermeuureﬁ'eqnmcywe , s indicated by the liné of
long dashes in Figure 7-41. Thus, it is common practice to! place microphones at ground

level on a hard, reflécting surface (such as plywood)-and lhendeduch dB from all mea--

. sured sound pressure levels. When there are very low-frequéncy components, calculations

suggest that microphone placement is not critical. The first'dip in the spectra occors at 2 -

frequency well above that associated with low-frequency rotational harmonics, as shown
in Figure 7-5.

Acoustic Instrumentation ~ ) -

The requirements for acoustic instrumentation are derived from the type of measure-
ments to be performed and most directly from the frequency range of concern. For the fre-
quency range of 20 wo 10,000 -Hz, standardized equipment is available for detecting,
recording, and analyzing the acoustic signals. A number of different microphones with flat
frequency responses are available. Likewise, sound-fevel meters that meet existing acous-
tic standards are available for direct readout or for use as signal conditioners before tape
recording. Either frequency-modulated or direct-record tape sysiems may be nsed.

For cases where the frequency range of measurements must extend below 20 Hz,
some special items of equipment may be required. Although standard microphone systems
may be used, their frequency response is poor at the lowest frequencies. For increased
ﬁdehly, special microphoce systems nay be required, along with special procedures o
minimize wind noise problems. A freqeency-modulated tape recorder may also be
. required, although some direct-record systems may be acceptable if the record spéed is

slow and the playback speed is fast.
+ ' Because wind noise can fill much ofmedynammmngeofamperecom it may be
expedient to use dnal-channel reconding. In this type of recording, a high-pass filter in one
" of ‘two tape recorder channels permits the simultaneous recording of low- and high-
frequency segments of the saine noise signal. The improved signal-to-noise ratio of the
high-frequency segment enhances the signal processing.

41
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Wmdscreen Applications

Measurednmsemthep:esenceofwmdlscommunmedbyvanoustypcsofwmd-
related noises. These include natural wind noise, or the noise of the wind originating from
atmospheric turbulence; microphone noise, caused by the acrodynamic wake of the micro-
phone or microphone windscreen; vegetation noise, caused by the interaction of the wind
with nearby vegetation such as trees, bushes, and ground cover; and noise from the aerody-.
namic wakes of accessories such as a tripod or a nearby soructure.

Because of the deleterious effects of the wind, windscreens are recommended to |
reduce microphone noise for all measurements of wind turbine noise, Commercial wind-
screens of open-cell polyurethane foam are usually adequate for routine measurements at
or near ground level, where wind speeds arc relatively low. For measurements above
ground, larger, customized windscreens may be necessary [Sutherland, Mantley, and

- Brown 1987]. It is' essential that the ecoustic insertion loss of any windscreen be eithier

zero or known as a function of frequency, solhatappropnatecorrecnonsmaybemadeto

the measiired data. Ve ;
Wind noise is a pamcnlnrly severe problem at the lowest freqeencies. The ambient .

(wind related) noise spectrum increases as frequency decreases, with the resuit that some .

- low-frequency wind turbine noise components may be submerged in the ambieat noise at’

the microphone location. In such situations, customized windscreens may help reduce d;e

" “low-frequency windl noise. Some special cross-correlation analysis techniques have alsp.’

been applied thiat use’ measurements from pairs of mcmphom [Bendat and Piersol 1980],

Lintte can be done 10 reduce noise from vegetation, other than w locate nncrophones
away from significant sources. Noise generated by the acrodynamic wakes of accessones
suchasmpo&mayberednm?bystrmnhnmgﬂwaccmsmw oo

Data Analyses k } : - .,

The data analyses required depend on the types of acoustic information required, If
A-weighted daia are needed, they can be obtained direcdy from a sound-level meter or
from tape recordings and A-weighting filters. Statistical data can also be obtained directly
by means-of a community noise analyzer or subsequently from tape recordings. ‘Broadband,
data are routinely préduced from one-third-octave band analyses such as that illustrated i in”
Figure 7-8. Narrow-band analyses can be obtained with the aid of a wide range of filter
bandwidths, the main requirement being that the bandwidth is smail compared to fre:
quency intervals between discrete frequency components,
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